The aim of this paper is to determine the power losses recorded by a PV generator operating under partial shading conditions. These losses are evaluated through two distinct methods. The first method is based on mathematical modeling, while the second is based on Simulink's physical model. The losses recorded are considerable and increase as a function of the increase in the percentage of shading up to a limit value where they become constant in the case where an ideal by-pass diode is connected in parallel with the modules. This limit value is non-existent in the case where the bypass diode is not ideal, which in fact corresponds to the real model. However, it emerges that the power losses are minimized in a PV system comprising bypass diodes, in particular in the case where the partial shading is considerable.
Introduction
Photovoltaic solar cell is a generator able to produce electrical energy when subjected to solar radiation. The characteristics of the photovoltaic generator or module (such as current or voltage) given by the manufacturer are determined under the so-called standard test conditions (Tc = 25˚C, G = 1 kW/m², AM = 1.5). However, in practice several factors can influence these data and negatively impact the electric power produced by the solar generator. Among these factors it is the phenomenon of partial shading which can not only reduce the power of the ge-Journal of Power and Energy Engineering subjected to partial shading conditions. The electrical equivalent circuit of a one diode photovoltaic solar cell is presented in Figure 1 
The configuration of the PV module subjected to partial shading conditions is presented in Figure 2 . The module is subdivided into two subgroups of 18 cells each. One of the subgroups is not shaded (called SG-1 with N s1 number of cells) while the other is subjected to partial shading (called SG-2 with N s2 number of cells).
The total voltage across the module is given by:
where:
Equation (6) gives the photovoltaic current as [9] [11]:
( )
The saturation current is evaluated through Equation (7) [9] [10]:
For I = 0, V = V oc , I ph = I sc , thus Equation (1) 
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At the maximum power point (where I = I mp and V = V mp ), one has:
( ) 
In Equation (9) and Equation (11), the exponential term is much greater than the first term (by considering the fact that the value of the reverse saturation current for any diode is in the order of 10 −5 and 10 −6 A [9] 
From Equation (2), one gets the partial derivative of V with respect to I as: 
Equation (2) 
One approximates the value of the derivative of V with respect to I by fixing two points (V oc , 0) and (V mp , I mp ) such as:
Replacing Equation (12) and Equation (17) into Equation (16) 
The value of the parameter R sh is calculated by solving the Equation 
Determination of Peak Power Parameters
The power of the PV module is given as follows:
Using the power-voltage characteristics at the maximum power point implies:
where
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From Equation (2), the partial derivative of I with respect to V is:
Replacing Equation (23) and Equation (24) into Equation (22) 
Equation (25) is solved by the Newton Raphson method. 
Principe of Newton-Raphson Method
where x can be seen as a trial value for the root. At the n th step of the approximate value of the next step;
1 n x + can be derived from:
The flowchart of Figure 3 details the method of resolution of Newton Rapson.
Combining Equation (3), Equation (4) and Equation (5) 
Simulink Model of the PV Generator
The Simulink models of the used panels are designed from the solar cell of Simulink Library of Matlab. By double-clicking the component of the Figure 5 , the window of the Figure 6 opens the essential parameters such as saturation current I sc are modified in accordance to the manufacturer's datasheet of the PV panel to simulate. As for the temperature, it is preferable to insert the letter T in the relevant field to facilitate change during the simulations. The irradiance (Ir) is simulated from the constant block ( Figure 7 ) which must be connected to the Ir inputs of the interconnected PV cells. The irradiance inputs of the solar cells of the unshaded subgroup are connected to the constant block, so the value is set to G as in Figure 8 , whereas for the shaded subgroup they are connected to G* beta where "beta" is the shading coefficient ranging from 0 to 1. The choice of modules to 36 cells for this study allows keeping the same configuration for all the three panels' technologies used. 
Results and Discussion
The simulation results are based on the flow chart presented in Figure 4 and on the manufacturer data presented in Table 1 Table 1 In the case of partial shading at 100%, the loss range is the same as in the case of partial shading at 75% with the mathematical method (from 49.26% to 49.9%).
With the Simulink model, the losses vary from 57.5% to 60% depending on the type of PV module.
When losses approximate the value of 50%, the voltage across the shaded sub-group's module becomes less than the voltage of the by-pass diode (0.6 V).
Therefore, the by-pass diode becomes conductive and blocks the degradation of the power produced by the entire photovoltaic module. In the case of the mathematical model, it can be seen in Table 2 Figure 15 , it appears that the Simulink model gives losses much higher than the mathematical model for high shading percentages (from 75% partial shading). These two observations An ideal by-pass diode with a zero internal resistance would lead to the same conclusions for both mathematical and Simulink models concerning the role of the by-pass diode connected in parallel with a shaded PV module. The by-pass diode when it is conductive would limit the losses of power (losses become constant) due to partial shading. The analysis of these results leads to the following conclusions: 1) The influence of partial shading on the electrical energy produced by a PV generator is considerable; 2) The variation of the energy losses calculated according to the type of PV module is lower with the mathematical model compared to the Simulink model; 3) A by-pass diode connected in parallel with the shaded part of a PV module would limit the power losses to a constant threshold value, i.e. a value that will no longer vary with the increase of the percentage of shading.
The Simulink model takes into account certain parameters (such as the internal resistance of the bypass diode) which negatively influence the power produced by the PV module. These parameters are neglected in the mathematical model. The power losses evaluated with the Simulink model would therefore be closer to actual losses than those evaluated with the mathematical model.
Conclusion
The objective of this article was to evaluate the electrical energy losses of a PV generator subjected to partial shading conditions. Two methods were used for this purpose: the mathematical method and the method based on the Simulink A. Dadjé et al. model. It emerges that the energy losses recorded by a PV generator subjected to partial shading conditions are considerable. Both mathematical and Simulink models are effective method for estimating these losses. However the Simulink model is more close to the real model because it takes into account certain parameters which are ignored in the mathematical model and which nevertheless negatively influence the power produced by the PV module.
